MicroRNAs have emerged as fundamental regulators in gene expression through silencing gene expression at the post-transcriptional and translational levels. Osteosarcoma is the most common type of primary malignant bone tumor and is characterized by complex genetic changes and resistance to conventional treatments. In our study, the role of miR-33b in the progression and metastasis of osteosarcoma was investigated. Our results showed that miR-33b was significantly downregulated in osteosarcoma tissue and cell lines. Overexpression of miR-33b significantly inhibited cell proliferation, migration, and invasion in the MG-63 osteosarcoma cell line. Moreover, we also showed that c-Myc was negatively regulated by miR-33b at the posttranscriptional level, via a specific target site within the 39UTR. Overexpression of c-Myc impaired miR-33b-induced inhibition of proliferation and invasion in osteosarcoma cells. The expression of c-Myc was frequently downregulated in osteosarcoma tumors and cell lines and was inversely correlated with miR-33b expression. Thus, our findings suggest that miR-33b inhibits osteosarcoma cells migration and invasion by targeting the c-Myc gene, acting as tumor suppressor. The findings of this study contribute to current understanding of the functions of miR-33b in osteosarcoma.
Introduction
Osteosarcomas are aggressive neoplasms of the bone, which mainly arises from the metaphysis of the long bones of adolescents and young adults [1] . Despite the recent advances in therapeutic strategies, such as wide tumor excision, adjuvant chemotherapy and radiotherapy, the prognosis of osteosarcoma patients remains poor [2] . Increasing evidences have shown that osteosarcoma is closely related to abnormal genetic and epigenetic changes, which result in the abnormal expression of oncogenes or methylation of tumor suppressor genes [3] . Hence, it is essential to develop novel strategies for the early diagnosis, prediction of the prognosis, and the treatment for patients with osteosarcoma.
MicroRNAs (miRNAs) are short noncoding RNAs, usually 18-25 nucleotides in length, which repress translation and cleave mRNA by base pairing to the 39untranslated region of the target genes [4] . It has been demonstrated that miRNAs play important roles in developmental biology, cellular differentiation programs and oncogenesis [5] . In particular, they regulate various cellular processes of tumor, including cell proliferation, differentiation, progression, apoptosis and invasion [6, 7] . Alterations in the miRNA expression have emerged as in important mechanism for the development and progression of cancers [8, 9] . Specific miRNAs that significantly affect the development and progression of human tumors have been identified in different cancers [10] [11] [12] , indicating the role of miRNAs as potential therapeutic avenue for cancer treatment.
In the present study, we found that miR-33b was down-regulated in osteosarcoma cell lines and primary tumor samples. In osteosarcoma cell lines, miR-33b was able to inhibit cell proliferation, migration and invasion, suggesting that miR-33b might be a tumor suppressor. Moreover, the expression of c-Myc was frequently upregulated in osteosarcoma tumors and cell lines and was inversely correlated with miR-33b expression. Thus, our data suggest an important role of miR-33b in osteosarcoma pathogenesis and indicate its potential application in cancer therapy.
Materials and Methods

Ethics statement
All of these patients (patients' parents on behalf of the children) agreed to participate in the study and gave written informed consent. This study and the consent was approved by the ethical board of the institute of The First Affiliated Hospital of Harbin Medical University and complied with Declaration of the Helsinki.
Tumor samples
Sixty primary osteosarcoma and their corresponding noncancerous bone tissues samples from the same specimens were collected from at the Department of orthopedic surgery, The First Affiliated Hospital of Harbin Medical University between 2007 and 2013. No patients had received blood transfusion, radiotherapy, or chemotherapy before surgery. Tissue samples were cut into two parts, one was fixed with 10% formalin for histopathological diagnosis, and the other was immediately snap-frozen in liquid nitrogen, and stored in liquid nitrogen until RNA extraction. These characteristics of tumor samples are described in S1 Table. Cell lines and cell culture Four osteosarcoma cell lines, including MG-63, U2OS, SOSP-9607, and SAOS-2, were obtained from the American Type Culture Collection (ATCC, Manassas, VA). Human osteoblast cell line hFOB was purchased from Promocell (Heidelberg, Germany). These osteosarcoma cell lines were propagated in Dulbecco's modified Eagle medium (Gibco; Invitrogen; Life Technologies, Germany), supplemented with 10% fetal bovine serum and streptomycin (100 mg/ ml), penicillin (100 U/ml). hFOB cells were incubated in osteoblast growth medium (Promo Cell).
Cell transfection
Cells were grown in the appointed medium 12-16 hours before transfection. The cells were transfected with 20 nmol/L of miR-33b mimics, inhibitor and the scramble mimics using lipofectamine 2000 (Invitrogen) according to the protocol of the manufacturer. The miRNA mimics, inhibitors, and the scramble mimics, which are non-homologous to the human genome were from GenePharma (Shanghai, China).
RNA extraction and qRT-PCR analysis
Total RNA was extracted from cells or tissues with Trizol reagent (Invitrogen, Calsbad, CA, USA). cDNA synthesis was carried out from 1 mg of total RNA in 12 ml of final volume containing 1 ml stem-loop primer, 10 mM dNTP Mix (Invitrogen, USA). The mix was incubated at 65˚C for 5 min, and then mixed with 56RT buffer, 0.1 M DTT, 200 U/ml MultiScribe reverse transcriptase and 40 U/ml RNase inhibitor (Invitrogen, USA). The mix was incubated at 37˚C for 55 min, 70˚C for 15 min and then was held at 220˚C. Real-time PCR was performed using the standard TaqMan PCR protocol. These PCRs reactions were included 1 ml of RT product, 1 ml of Universal TaqMan Master Mix and 1 ml of TaqMan probe/primer mix (Invitrogen, USA). All RT reactions including notemplate controls were run in triplicate. All miRNA quantification data were normalized to U6, and mRNA quantification data were normalized to GAPDH. The relative amount of transcript was calculated using the comparative Ct method [13] (S2 Table) .
Cell proliferation asssay
Cells were cultured in 96-well flat bottomed microplate and were incubated in 10% CCK-8 (Dojindo; Kumamoto, Japan) diluted in normal cultured medium and then were incubated for 1 h at 37˚C. Proliferation rates were determined at 0, 24, 48 and 72 hours after transfection. Viable cells were counted by absorbance measurements at 450 nm using auto microplate reader (infinite M200, Tecan, Austria). The experiment was repeated three times.
Cell migration and invasion assay
Invasion and migration assay were performed in triplicate using Transwell chambers coated with or without Matrigel membrane matrix (BD Biosciences, USA) as described in the manufacture's protocol. For the invasion assay, cells were seeds onto a Matrigel-coated membrane matrix present in the insert of a 24-well culture plate 24 hours after transfection. The cells that did not invade through the pores were carefully wiped out with cotton wool. Then cells located on the lower surface of the chamber were stained with 0.1% crystal violet (Sigma) and counted. These experiments were repeated three times.
Luciferase reporter assay
The wild-type and mutant 39UTR fragments were cloned into the downstream of the luciferase reporter gene in pGL3-control vector [14] . These cells were cotransfected with 0.4 mg of the reporter construct, 0.2 mg of pGL-3 control vector, and miR-33b or negative controls. Cells were harvested 24 h post-transfection and assayed with Dual Luciferase Assay (Promega, WI, USA) according to manufacturer's instructions. Firefly luciferase values were normalized to Renilla, and the ratio of Firefly/Renilla values was reported. All transfection assays were carried out in triplicate.
Western blotting analysis
Proteins were separated on 10% SDS-PAGE gel, and then transferred to a PVDF membrane (Amersham, Buckinghamshire, UK). After blocked with 5% non-fat dried milk, the membrane was incubated with anti-c-Myc antibody (Abcam, England) at 1:1000 dilution; anti-GAPDH antibody (Proteintech, Chicago, USA) at 1:50,000 dilution. After washing with TBST (10 mM Tris, pH 8.0, 150 mM NaCl, and 0.1% Tween20), the membranes were incubated for 2 h with goat antirabbit antibody (zsgb-bio, Beijing, China) at 1:5000 dilution and 1:50000 dilution. Proteins bands were visualized using ECL reagents (Pierce, Rockford, IL, USA).
Rescue assays of c-Myc gene expression
The full-length c-Myc ORF was PCR amplified and cloned into pcDNA3.1 to generate the pcDNA-c-Myc constructs, which were used in the rescue assays. MG-63 cells in 6-well plates were first transfected with miR-33b or scrambled dsRNAs (20 nM). After 24 h in culture, these cells were then co-transfectedwith either miR-33b or pcDNA-c-Myc constructs or pcDNA-empty vectors.
Statistical analysis
Data were presented as the means ¡ standard deviation of at least three experiments. Statistical analysis was performed using SPSS 15.0. A one-way analysis of variance (ANOVA) test, least significant difference (LSD) test, Chisquare test and Student's t test were used for statistical analysis.
Results
Expression of miR-33b was down regulated in osteosarcoma tissues and cell lines
We compare the expression of miR-33b in human osteosarcoma and adjacent normal bone tissues by qRT-PCR. As shown in Fig. 1A , expression of miR-33b was much lower in four osteosarcoma cell lines than that in human osteoblast cell line hFOB. We also found that miR-33b expression was downregulated in 77.7% (46 out of 60) of osteosarcoma tissues compared with the corresponding adjacent normal bone tissues (Fig. 1B) . In general, the expression of miR-33b in osteosarcoma tissues was significant lower than in the corresponding adjacent normal bone tissues (Fig. 1C) . Moreover, the level of miR-33b expression was associated with metastasis (pM) stage of osteosarcoma patients (Fig. 1D) .
Overexpression of miR-33b inhibited osteosarcoma cell proliferation, migration and invasion
We transfected the MG-63 cells with miR-33b mimics, inhibitors or negative control and then evaluated proliferation, invasion and migration ability of MG-63 cells. Transfection of miR-33b mimics into the MG-63 cells resulted in an increase in miR-33b expression compared with negative control or transfection ( Fig. 2A) . CCK-8 proliferation assays showed that the cell growth rate was reduced in the miR-33b mimic-transfected MG-63 cells compared with either the scrambled miRNA-transfected cells or the untreated cells (Fig. 2B) . In contrast, the miR-33b inhibitor significantly accelerated the cell proliferation of the MG-63 cells. The cells that were treated with the miR-33b mimic were distinctively less migratory than the scrambled control or untreated cells (Fig. 2C) . In contrast, the miR-33b inhibitor significantly accelerated the cell migration of the MG-63 cells. Furthermore, we conducted cell invasion Matrigel assays and then stained the invaded cells to measure the directional invasion ability of the cells after ectopically expressing miR-33b in MG-63 cells. The invasiveness of the cells that were transfected with the miR-33b mimic were dramatically decreased compared with the scrambled control and untreated cells. However, the miR-33b inhibitor significantly increased the invasiveness of the MG-63 cells (Fig. 2D ).
C-Myc was a direct target of miR-33b in osteosarcoma cells
As predicted by PicTar, there were complementarity between hsa-miR-33b and the c-Myc 39-UTR (Fig. 3A) . Overexpression of miR-33b reduced both the protein and the mRNA levels of c-Myc in osteosarcoma cells (Fig. 3C and D) . The effects of miR-33b on the translation of c-Myc mRNA into protein was then evaluated by a luciferase reporter assay (Fig. 3B) . Overexpression of miR-33b remarkably reduced the luciferase activity of the reporter gene with the wild-type construct but not with the mutant c-Myc 39-UTR construct, indicating that miR33b directly targeted the c-Myc 39-UTR.
Overexpression of c-Myc impaired the miR-33b-induced inhibition of proliferation and invasion in osteosarcoma cells
We performed rescue experiments to further validate whether c-Myc was involved in the anti-tumor properties of miR-33b in osteosarcoma cells. The c-Myc expression vector pcDNA 3.1-c-Myc was used to restore c-Myc expression. The protein level of c-Myc was reduced when miR-33b mimics were transfected with pcDNA-c-Myc after 24 h (Fig. 4A) . As expected, the ectopic expression of c-Myc induced marked increases in cell proliferation and migration ( Fig. 4B and C ; see group pcDNA-c-Myc+Scramble and group pcDNA+Scramble). Overexpression of miR-33b can decrease the c-Myc-induced the proliferation and invasion of osteosarcoma cells. Thus, we concluded that the repression of cell growth by miR33b was a consequence of decreased c-Myc expression in the MG-63 cells. 
MiR-33b was negatively regulated c-Myc gene expression
As shown in Fig. 5A and 5B, the expression levels of c-Myc mRNA and protein were much higer in four osteosarcoma cell lines than that in one human osteoblast cell line hFOB. In addition, the expression of c-Myc in osteosarcoma tissues was also significant higher than in the corresponding adjacent normal bone tissues (Fig. 5C ). As shown in Fig. 5D , when the c-Myc levels were plotted against miR33b expression, a significant inverse correlation was obtained (two-tailed Pearson's correlation analysis, r 520.851; p,0.01). 
Discussion
Recent studies have revealed that miRNAs are involved in the development and progression of various tumors through regulating the expression of multiple target genes [15] [16] [17] . Here, we investigated the role of miR-33b in osteosarcoma. Our results showed that miR-33b expression wasdown-regulated in osteosarcoma cells and tissues compared to paired adjacent non-tumor bone tissues. Statistical analysis revealed that the lower expression level of miR-33b positively correlated with metastasis. Moreover, in vitro experiments proved that over-expression of miR-33b inhibited proliferation, migration and invasion in the osteosarcoma cells. Furthermore, c-Myc was identified as a novel direct target gene of miR-33b. Our findings suggested that miR-33b has a tumor suppressive effect in osteosarcoma by inhibiting cell proliferation and invasion.
Increasing evidences have shown a critical role of miR-33b in cancer progression [18, 19] . For example, Salinas et al. reported that overexpression of MicroRNA-33b Acts as a New Tumor Suppressors in Osteosarcoma miR-33b inhibited the expression of the cyclin-dependent kinase 6 (CDK6) and cyclin D1, by reducing cell proliferation and cell cycle progression [18] . Merchan et al. has shown that miR-33 is significantly downregulated in the super-p53 mice hematopoietic stem cells (HSCs) compared to in the wild-typemiceHSCs but highly expressed in more-differentiated progenitor subpopulations [20] . However, the expression and function of miR-33b in osteosarcoma has not been reported. In our study, we found that the expression of miR-33b was downregulated in 60 human osteosarcoma tissues compared to paired non-cancerous adjacent tissues. All of these evidences indicated that miR-33b might play a significant part in the development of osteosarcoma. 
MicroRNA-33b Acts as a New Tumor Suppressors in Osteosarcoma
To determine the biological relevance of miR-33b in osteosarcoma, we performed functional assays. Ectopic expression of miR-33b significantly inhibited osteosarcoma cell proliferation, migration and invasion. These findings suggested that miR-33b might act as a tumor suppressor gene whose downregulation may contribute to the progression and metastasis of osteosarcoma.
Further investigation was conducted to explore the molecular mechanism by which miR-33b suppressed osteosarcoma cell growth, migration and invasion. We identified c-Myc as a direct target of miR-33b in the MG-63 cells. Complementary sequence of miR-33b was identified in the 39UTR of c-Myc mRNA. We demonstrated that miR-33b directly targeted the 39UTR of c-Myc, as its overexpression was associated with suppression of luciferase activity. In addition, a significant down-regulation in the level of c-Myc protein was observed after miR-33b over-expression. These results indicated that miR-33b might function as a tumor suppressor partly mediated by repressing c-Myc expression in osteosarcoma.
C-Myc is one of the best-studied oncogenes frequently overexpressed in many human tumours [21] [22] [23] . C-Myc was initially identified as a retroviral oncogene in avian tumors and subsequent research has shown that as a nuclear transcription factor. C-Myc regulates hundreds of target genes involved in cell growth and proliferation, differentiation, apoptosis, metabolism, angiogenesis and DNA repair [24, 25] . Moreover, overexpression of c-Myc was considered to be a predictor of poor prognosis for clinical patients in several types of cancer such as gastric cancer, bladder cancer and breast cancer [26] [27] [28] [29] [30] [31] . Furthermore, previous studies have showed that c-Myc mRNA expression was increased in osteosarcoma compared to adjacent pair-matched non-tumor tissues [32, 33] . However, the underlying mechanisms are still unclear. The ability of miR-33b to target c-Myc in our study may provide one potential mechanism of post-transcriptional control of c-Myc.
In conclusion, our study reveals that miR-33b functions as a tumor suppressor miRNA by inhibiting cancer cell proliferation, migration, and invasion through downregulating c-Myc expression in human osteosarcoma. Therefore, miR-33b may be a potential target for the development of novel anticancer therapies in osteosarcoma.
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